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Abstract—Generation of wind power involves extraction of energy
from the wind by use of a wind turbine generator. Wind power
generated is dependent on various factors, some controllable and
others uncontrollable. Techniques have been developed to extract
maximum power from the wind available, thus ensuring that for any
given wind speed, the wind turbine is able to produce power at its
peak. An examination of various approaches utilized and an analysis
of the strengths and weaknesses of each is presented in this paper.
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I. INTRODUCTION

ENEWABLE energy is quickly gaining momentum as

a viable driving force for powering industrialization and
for domestic use in many countries. As the focus shifts towards
green energy sources, methods for improving efficiency in
power conversion take the limelight.
Wind energy is freely available and is clean and easily con-
verted into electricity. Wind turbines are available in two major
configurations: Vertical Axis Wind Turbines and Horizontal
Axis Wind Turbines (HAWT). The more common HAWT may
operate either with fixed rotor speed or variable speed.
Due to the constant variability of wind speed, design of
controllers capable of extracting maximum power from the
wind is a constant challenge, and various techniques have been
developed to obtain higher efficiency from wind turbines. This
should, in the long run, make wind power an economically
viable alternative to non-renewable energy sources.

II. WIND TURBINE CHARACTERISTICS

The amount of power produced by a wind turbine is
expressed as shown:

Pr = 0.5¢c,pAV? (1)

where p is the air density A is the cross sectional area of the
turbine V is the wind velocity

The coefficient of power(c,) is a value dependent on the ratio
between the turbine rotor’s angular velocity, (wr) and the wind
speed (V). This ratio is known as the Tip speed ratio (TSR),
and is represented by A. TSR is given by:
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where R is the radius of the turbine.

A wind turbine is generally characterised by its c, versus A
curves obtained for different wind speeds, and usually takes
the shape shown in Fig.1.
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Fig. 1. Wind Turbine Power Curves

From the relationship between TSR and c,, it is possible to
devise a control strategy that ensures that the wind turbine
operates around or at the peak point of the curve. Such
strategies are commonly referred to as Maximum Power Point
Tracking (MPPT) techniques.

MPPT techniques fall into two broad categories:

o Techniques that employ known turbine characteristics

o Techniques that allow optimization without knowledge of

turbine characteristics

1) Techniques based on Known Turbine Characteristic:

From the wind turbine power equation expressed in (1), the
size of the turbine may be used to calculate the power.
Maximum power point tracking is achieved either by Speed
control [1] or torque control [2].

1) Speed Control This is used where a pulse width mod-
ulation (PWM) converter is used in association with
the Permanent Magnet Generator attached to the wind
turbine. The converter is vector controlled with a speed

loop.
From the definition of tip speed ratio, A
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Maximum power is obtained if

cp(A) = cp(Aopt) = '™ &)

P

Thus, the optimal turbine speed,
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Measurement of the transferred power allows one to
calculate the speed reference, which allows for seeking
of the optimal operation following the algorithm:
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The speed reference is used in a microcontroller to track
the wind turbine’s maximum power point.
Speed control has been achieved using a standard Volt-
age/Frequency converter by Miller et al [3], achieving
control with a standard induction motor and drive and
with minimum number of sensors.
2) Torque Control The optimal torque is obtained from
angular velocity as shown:
cmax p A R3
Topt(w) = 0.5p)\37w2 = Kopwip, (9
opt
Thus, the load torque imposed to achieve optimum
operation is:
T(w) = Koptw2 (10)
The rotation speed gives directly the optimum reference
torque such that:

wlk] = Kopw?[k] = Treplk + 1] (11)
In both speed control and torque control techniques, optimum

operation is achieved after several iterations.
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Fig. 2. Convergence of Speed Controlled Tracking
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Fig. 3. Convergence of Torque Controlled Tracking

2) Techniques used where Turbine Characteristics are Un-

known: Where wind turbine characteristics are unknown, the
controller algorithm brings the operating point towards ¢;"**
by stepwise increases or decreases in the rotational speed
of the wind turbine. This is known as the perturbation and
observation method [2].
Generally, MPPT in this case is achieved using intelligent
control methods. The most commonly used techniques are
based on Adaptive Fuzzy Logic controllers [4], [5] and Neural-
Network based controllers [6], [7]. Wang and Chang [8] have
developed an algorithm that can be used either to create a
lookup table for programming a controller or to generate
training data for a neural network.

1) Fuzzy Logic Control in MPPT Fuzzy logic is a pow-
erful tool since it allows the control of systems whose
parameters are vague, incomplete or unknown, and as
a result, are difficult to model mathematically. Fuzzy
Logic Control consists of three main stages: input,
processing and output. At the input stage, membership
functions are used to fuzzify the input values. The now
fuzzified input is fed into the processing stage where
an inference mechanism applies the appropriate rule(s)
from the knowledge base to come up with a set of
fuzzy outputs. This output is then defuzzified using an
appropriate technique. The result is a control output that
can be applied to the process or plant being controlled.
This is illustrated in the block diagram shown in Fig. 4.
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Fig. 4. Fuzzy control block diagram

Fuzzification involves use of linguistic variables to de-
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Fig. 5.

scribe the actual input and output values being fuzzified,
and generation of degrees of membership in the form
of membership functions. A typical MPPT requires
membership functions for inputs such as wind turbine
rotor speed, change in wind power output and, where
an anemometer is one of the sensors, change in wind
speed. The outputs expected from the system, such as
adjustment in rotor speed, are also expressed in terms of
Fuzzy variables. The number of membership functions
depends on the number of variables being measured,
and this in turn affects the number of sensors required
by the system. A typical membership function may take
the form shown in Fig. 5, which gives the change in wind
power output. The number of membership functions
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may range from 3 upwards. The greater the number of
membership functions, the greater the number of Fuzzy
rules that will be required for the controller.
Generation of a rule base involves relating the input
member functions to the output member functions using
a set of if-then rules and logic functions such as AND,
OR and NOT to combine several input fuzzy variables.
Maximum power point tracking based on Fuzzy logic
employs one of two methods depending on the sensors
used. Where an anemometer is used, thus wind speed is
known, the Fuzzy rules are geared towards matching the
speed of the turbine rotor to the wind speed, thus im-
proving the TSR of the wind turbine, and consequently,
its power output. This strategy has been used by Yao
et al [9] in the design of a Fuzzy Logic Controller
that tracks wind speed and Generator output power to
determine required adjustment in the turbine rotor speed
and maximize wind power output. The rule base for the
Fuzzy controller is shown in Fig. 6.

A second approach involves basing the adjustment in
rotor speed adjustment on the difference in wind power
output. The controller operates blind with regard to wind
speed and adjusts the speed of the wind turbine rotor
based solely on the change observed in wind power
output. This is made possible by the nature of the wind
power output characteristic curve, which levels out when
the generated power reaches its maximum. Thus the
controller adjusts the rotor speed until the change in
wind power produced is zero, indicating that a maximum
has been reached. A negative or positive change in the
wind power output would indicate that the turbine is yet
to reach the maximum power point.

Fig. 6.
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Fig. 7.

Since the aim of MPPT is to produce maximum possible
electric power from wind available in order to adequately
supply a load demand, it is possible to use the deficit
in the load demand as an input to match the output
power of the wind turbine to the load demand rather than
constantly produce maximum power which may require
dump loads to dispose of excess produced. Typical
Fuzzy rules relating load deficit, wind power output and
rotor speed adjustment are shown in Fig. 7. The rules
were generated in Matlab, and the resultant rule surface
is shown in Fig. 8.

deficit is Neglarge] and [winpow iz Meglarge] then (Rotor is MegSmall [1]
2. If [deficit is NegLarge] and [winpow iz not Neglarge) then (Rotor is NeglLarge] (1)
3. IF [deficit iz NegSmall] and (winpaw iz Meglarge| then (Rotor iz PosSmall) (1)
4. If [deficit iz NegSmall] and (winpaw iz NegSmal] then [Fotor is Zero] [1)
B If [deficit iz NegSmall] and (winpow iz Zera] then [Rotor is NegSmall [1)
E. If (deficit is MegSmal] and (winpow i PozSmall] then (R otor is NegSmall] (1]
7. IF (deficit is MegSmal] and (winpow is PosLarge) then (Rotor iz MegLarge] (1)
8. If (deficit is Zera] and [winpaw i MegLarge] then [Ratar iz PagSmall [1)
9. IF (deficit is Zera] and [winpaw iz MegSmall then [Ratar is Zera) (1]
10, If [deficit iz Zera) and [winpow iz Zera) then [Rotor iz Zera] (1]
11, It [deficit is Zera) and [winpow is nat PosSmall] then [Ratar is Zera] 1)
12, It [deficit is Zera) and [winpow is PosLarge] then [Rotar is NegSmall (1)
13, It [deficit is PosSmal] and [winpaw is Meglarge] then [Rotor is PosLarge] [1)
14, It [deficit is PosSmall] and (winpow is NegSmall] then [Rotar is PosLarge) (1]
15, It [deficit is PosSmal] and [winpaw is Zera] then [Rotar is PosSmal] [1)
16. If [deficit is PosSmall) and [winpaw is PasSmall then [Ratar is PosSmal] [1)
17. It [deficit is PosSmall) and (winpow is PosLarge] then [Ratar is Zero] (1]
18. If [deficit iz PosLarge] and [winpaw iz not PosLarge] then [Ratar is PosLarge) (1]
19, If [deficit iz PosLarge] and [winpaw iz PosLarge] then [Rotor iz PasSmall) (1]

Rule Base Relating Load Deficit(deficit) and Wind Power Out-

put(winpow) inputs to Rotor Adjustment(Rotor)

Fig. 8.
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Fuzzy Logic based controllers employ different defuzzi-
fication methods. Kamal et al [4] make use of the



Fig. 9.

Takagi-Sugeno (TS) model, while Galdi et al [5] utilize
the Takagi-Sugeno-Kang model in combination with
Genetic Algorithms.

2) Neuro-Fuzzy Control For the Neuro-Fuzzy controllers, a
Neural network is used to generate and adaptively tune
the Fuzzy rules to match operational conditions of the
system until the controller is operating at maximum ef-
ficiency. The basic structure of a neural network system
is shown in Fig. 9.
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Adaptive Neuro-Fuzzy Inference Systems (ANFIS)
combine the strengths of Fuzzy Logic controllers and
Neural Networks to create systems capable of con-
trolling complex systems and adaptively learning to
optimize control parameters.

The ANFIS structure is composed of several layers, as
identified in Fig. 10.
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Fig. 10. ANFIS Structure

Layer 1, known as the input layer transfers directly each
crisp input into the next layer.

Layer 2, known as the fuzzification layer converts each
crisp input into a fuzzy input based on the member-
ship functions related to that input. In this layer, each
fuzzy set is represented by a neuron, and the activation
function of the neuron is set to a triangular membership
function corresponding to the relevant input.

Layer 3 is known as the Fuzzy Rule Layer, and each
neuron in this layer corresponds to a single Fuzzy Rule

from the Rule base used by the system.

Layer 4 is known as the output layer. Each neuron in
this layer represents a fuzzy set used as a consequent of
the fuzzy rules. The output from each neuron represents
the firing strength of the particular consequent fuzzy set.
Layer 5 is known as the defuzzification layer, and
it combines signals from layer 4, weighted by their
respective firing strengths into a single crisp output
which acts as the output of the ANFIS.

Differences in Neuro-Fuzzy approaches are mainly a
difference in the learning algorithms employed by the
Neural networks. Lin et al [7] employ a back propaga-
tion learning algorithm with Modified Particle Swarm
Optimization (MPSO).

III. COMPARATIVE STUDY

A. Speed-Based Control

Advantages

Capable of efficiently tracking the maximum power point.
Simple design, easily implemented where turbine charac-
teristics are known.

Disadvantages

Limited to systems with known turbine characteristics.
Tuning the speed controller is sensitive for high values
of inertia.

Instability during start up due to transients.

Relies heavily on sensor accuracy and efficiency.

B. Torque-Based Control

Advantages

Power and torque ripples are reduced.

Higher efficiency than for Speed control.

Simpler and more robust than Speed Controlled MPPT.
Fast tracking time when below rated wind speed.

Disadvantages

Requires knowledge of turbine characteristics.
Is sensor-reliant

C. Fuzzy Logic Control

Advantages

The control algorithm is universal and may be adapted to
various systems with minimal adjustments.

Low power fluctuation.

Low rotational speed fluctuation.

Fast tracking time when operating above rated wind
speed.

The controller relies on the actual performance of the
wind turbine rather than on theoretical data on turbine
characteristics.

Few sensors are required.

Relatively unaffected by variations in turbine inertia and
wind speed.

Disadvantages



o Tuning a robust fuzzy algorithm versus wind characteris-
tics, especially where turbulent conditions exist, is rather
complex, requiring expert knowledge.

e The performance of the system is dependent entirely
on the Fuzzy algorithm, and errors in the design of
membership functions, rule base generation and choice of
output method affect the resultant system performance.

o Prolonged turbulent conditions may result in stress on
the shaft due to continually changing outputs from the
controller.

D. Neuro-Fuzzy Control
Advantages

o Capable of tracking maximum mechanical power of the
wind turbine at both dynamic and steady states.

e Sensors required are few and simple.

o Easily implemented where human expert knowledge is
not reliable or is unavailable.

Disadvantages

o The final algorithm is not generalizable since it is adap-
tively tuned to a specific turbine.

o Training of the controller to achieve optimal performance
may take a long time, depending on the learning algo-
rithm selected.

IV. CONCLUSION

Maximum Power Point Tracking is an important component
of efficiently harnessing wind power. Selection of the right
control strategy is therefore important to ensure that the system
performs optimally.

Techniques based on knowledge of wind turbine characteris-
tics, that is, Speed and Torque based methods, provide a simple
way of obtaining maximum wind power where the turbine
characteristics have been provided by the manufacturer or have
been obtained by experimentation, offering fairly cost-effective
solutions. Controller hardware and software requirements are
fairly simple, and the actual controller design does not require
a lot of specialized knowledge.

Fuzzy Logic based and Neuro-Fuzzy controllers offer greater
flexibility to the designer of the controller since prior knowl-
edge of the turbine characteristics is not necessary and reliance
on sensors is lower. Furthermore,the Neuro-Fuzzy controller
requires no expert knowledge since the learning algorithm
tunes the controller for optimum performance.

Research in the area of Maximum power point tracking has
resulted in several alternatives routes for the user of the wind
turbine for power generation. However, in general, research
has omitted turbulence as a factor in controller design. This
may be an area for further research.
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